We reported previously that a tilapia (Oreochromis mossambicus) heat shock protein 70 (HSP70) promoter is able to confer heat shock response on a reporter gene after transient expression both in cell culture and in microinjected zebrafish embryos. Here we present the first functional analysis of a fish HSP70 promoter, the tiHSP70 promoter. Using transient expression experiments in carp EPC (epithelioma papulosum cyprini) cells and in microinjected zebrafish embryos, we show that a distal heat shock response element (HSE1) at approx. k800 is predominantly
INTRODUCTION
The first description in Drosophila melanogaster of a subset of cellular proteins that are induced on heat shock (HSP proteins) [1] has triggered a remarkable amount of research on these proteins in various organisms and on their function in stress tolerance. This heat shock response is found universally from bacteria to humans and the HSP genes are evolutionarily among the most conserved genes.
The most important and most studied heat shock proteins form the heat shock protein 70 (HSP70) family. They have essential roles in protein metabolism under normal and stress conditions, including de no o protein folding, membrane translocation, degradation of misfolded proteins and other regulatory processes. Although their binding to an unfolded polypeptide chain results in the stabilization of this state, their controlled release might allow progression along the folding pathway [2] . Because of their functions, HSP70s have been included in the large family of chaperones. Their expression is regulated by environmental and physiological stress and non-stressful conditions such as cell growth and development [3] .
The regulation of hsp70 gene expression occurs mainly at the transcriptional level. Analysis of HSP genes, mainly from Drosophila, and comparison of different heat shock regulatory regions led to the identification of a palindromic ' heat shock element ' (HSE), CNNGAANNTTCNNG [4] [5] [6] . More recent results suggested that HSEs are composed of contiguous arrays of a variable number of the highly conserved sequence NGAAN arranged in alternating orientation [7] [8] [9] . These elements bind the trans-acting heat shock factors (HSFs), which are normally present in the cytoplasm in a monomeric form (with no DNAbinding activity) and which, on heat stress, form trimers and migrate to the nucleus to bind HSEs with high affinity [10] [11] [12] [13] [14] [15] . In addition to the HSEs, the basal and induced transcription of hsp70 genes require the presence of binding sites, such as GC, CAAT and GAGA boxes, for other specific transcription factors [16] [17] [18] .
Abbreviations used : EMSA, electrophoretic mobility-shift assay ; EPC, epithelioma papulosum cyprini ; GFP, green fluorescent protein ; HSE, heat shock element ; HSF, heat shock factor ; HSP70, heat shock protein 70 ; Luc, luciferase ; tiHSP70, tilapia HSP70 ; TK or tk, thymidine kinase. 1 To whom correspondence should be addressed (e-mail m.muller!ulg.ac.be).
responsible for the heat shock response of the tiHSP70 promoter. This element specifically binds an inducible transcription factor, most probably heat shock factor, and a constitutive factor. The constitutive complex is not observed with the non-functional, proximal HSE3 sequence, suggesting that both factors are required for the heat shock response mediated by HSE1.
Key words : HSP70, transcription, zebrafish.
In fish, cDNA species coding for HSP70 (for example from rainbow trout [19] , medaka [20] or zebrafish [21, 22] ) have been described and a heat-shock-induced increase in mRNA levels has been shown. Genomic sequences of an HSP70 gene family have been reported in the teleost Fugu rubripes [23] . The 5h-flanking sequences of the HSP70-coding regions were described for zebrafish [24] and tilapia [25] and these promoters were shown to mediate the heat shock response. However, no information on the sequences involved in transcriptional regulation of fish HSP70 genes has been available until now.
We recently reported the isolation and characterization of the Mozambique tilapia (Oreochromis mossambicus) gene encoding HSP70, including approx. 1 kb of regulatory sequences [25] . We showed that the tilapia HSP70 promoter is able to confer ubiquitous and heat-shock-controlled expression on a reporter gene, both in fish cells and in microinjected zebrafish embryos. In the present study we focused on the specific sequences controlling the stress response of the tilapia HSP70 promoter.
MATERIALS AND METHODS

Oligonucleotides
All of the oligonucleotides shown in Table 1 were obtained from Eurogentec (Seraing, Belgium).
Plasmid constructs
The following plasmids have been described previously : pGCV-Lac-Z [26] , pGCV(-SV) [25] , tiHSP70-1.0LacZ [25] and ptkLuc [27] (in which tk stands for thymidine kinase). pCMVsGFPLuc was kindly provided by R. Day (Health Sciences Center, University of Virginia, Charlottesville, VA, U.S.A.) [28] . The p0GL reporter plasmid, containing a cDNA coding for a fusion protein of green fluorescent protein (GFP) and luciferase (Luc) was obtained by transferring the reporter gene GFP-Luc from the pCMVsGFPLuc vector digested by the restriction enzymes XhoI and XbaI and then inserted into the vector pGCV(SVk).
Table 1 Oligonucleotides used in this study
Oligonucleotide Sequence 5h-deletion constructs  GC1DEL  5h-GAGCTCGAGAAGAGAAGAACAAGAGC-3h  TTCDEL  5h-GAGCTCGATCCTCATCTGTCACCGAG-3h  GAADEL  5h-GAGCTCATAAAATGTTCAGGGAC-3h  XBOX1DEL 5h-GAGCTCCCATTTTAATCATTAATGAAATC-3h BOX2DELX 5h-GAGCTCATCTTGAAAATTCAGTATTAATCGTGC-3h HSE2DEL 5h-GAGCTCTAATCATTAATGGCTGGATG-3h XBOX3DEL 5h-GAGCTCATGGCTGGATGAAAACTCAG-3h HINDIII 5h-CAAAGCTTTATTTTAAAAAAGAAGAAC-3h
HSP-TK hybrid and HSP70 promoter internal deletions BLUESCF 5h-AAGCTTGCGGCCGCCACCGCGGTGGAGCTC-3h HSE1TK 5h-TCTAGAGGATCCTAATAAATTAATGATTAAATAAAC-3h
HSP70 mutant promoter constructs (only coding-strand primers)
Plasmid pGCV(SVk) was digested with HindIII and SacI, filled in with the Klenow enzyme and religated to destroy both sites. This plasmid was digested by NotI and used to insert a NotI cassette containing the HSP70 entire promoter from the tiHSP70-1.0LacZ vector. This vector (tiHSP70LacZ2) was used to construct the deletion mutants. PCR fragments were obtained with tiHSP70-1.0LacZ as template with the following primer pairs : GC1DEL, TTCDEL, GHSE1DEL, XBOX1DEL, XBOX2DEL, HSE2DEL, XBOX3DEL respectively as 5h primers and HINDIII as 3h primer, or BLUESCF with HSE1TK. All fragments were directly cloned into pCR4II from Invitrogen (Carlsbad, CA, U.S.A.) for sequencing. The fragments were excised by digestion with SacI and HindIII and used to replace the SacI\HindIII fragment (5h end and k401 of the tiHSP70 promoter) in tiHSP70LacZ2 to obtain the constructs pGC1DEL, pTTCDEL, pGAADEL, pXBOX1DEL, pXBOX2DEL, pHSE2DEL and PXBOX3DEL. Construct pHSE1DEL was obtained by SacI\XhoI digestion of tiHSP70LacZ2, Klenow fill-in and religation. Construct pHSE3DEL was obtained by SacI\XbaI digestion of tiHSP70LacZ2, Klenow fill-in and religation. The internal promoter deletion construct pHSEDis was obtained by inserting the BLUESCF-HSE1TK SacI\XbaI fragment (k821\524) into tiHSP70LacZ2 previously digested with SacI and XbaI (k182).
The deleted promoter fragments were excised with NotI and cloned into the NotI site of the promoterless p0GL vector to obtain the tiHSP70 promoter deletion reporter constructs pHSE1DELGL (k806), pGC1DELGL (k704), pTTCDELGL (k667), pGAADELGL (k574), pXBOX1DELGL (k523), pXBOX2DELGL (k503), pHSE2DELGL (k455), pXBOX3-DELGL (k446), pHSE3DELGL (k182) and pHSEDisGL. Similarly, the wild-type promoter was excised from the tiHSP70-1.0LacZ by NotI and inserted into p0GL to obtain the tiHSP70-1.0GL.
The thymidine kinase (TK)-HSP hybrid promoter construct pHSEDistkLuc was obtained by inserting the PCR fragment BLUESCF-HSE1TK into the ptkLuc vector via the HindIII and BamHI sites.
Site-directed mutagenesis
Site-directed mutagenesis of the wild-type promoter construct tiHSP70-1.0GL was performed with the QuikChange4 SiteDirected Mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) in accordance with the manufacturer's instructions. In brief, the target plasmid was amplified by PCR with oligonucleotides containing the desired mutation and a high-fidelity polymerase. After that, the methylated template DNA was digested with DpnI and the remaining mutated DNA was transformed into a supercompetent Escherichia coli. The oligonucleotides used were as described above.
All mutations were verified by sequencing. The constructs obtained were pCAAT1MUT, pHSE1MUT1, pHSE1MUT2, pGCMUT, pXBOX1MUT, pXBOX2MUT, pHSE2MUT, pASOC1MUT, pXBOX3MUT, pCAAT2MUT, pHSE3MUT and pASOC2MUT. Regulation of the tilapia heat shock protein 70 promoter
Cell culture and transfection experiments
EPC (epithelioma papulosum cyprini) cells, derived from carp epidermal herpes-virus-induced hyperplasia lesions [29] , were grown in BHK-21 medium supplemented with 10 % (v\v) fetal bovine serum and 1 % (w\v) penicillin\streptomycin at 24 mC in air\CO # (19 : 1). Purified plasmid DNA (20 pmol) was transfected in 800 µl of resuspended cells (1.5i10' cells\ml of medium) by electroporation in 4 mm cuvettes with a single pulse (250 V, 1500 µF) delivered by an Easyject apparatus (Eurogentec, Seraing, Belgium). Transfected cells were immediately transferred to four culture dishes (55 mm). After 48 h the cells were harvested by scraping, washed twice in PBS and resuspended in lysis buffer [30] . Protein concentration and LacZ activity were determined as described in [31] .
The mutant HSP70 promoter constructs were transfected with the AMINE Plus reagent from Gibco BRL (Gaithersburg, MD, U.S.A.) by using 1 pmol of plasmid per well in 24-well plates containing 1.0i10& cells per well.
Heat shocks were performed by transferring the plates previously sealed with Parafilm in a 37 mC thermoregulated bath. After treatment, the cells were returned for 6 h at 24 mC. Cd# + treatment was performed by changing the medium 24 h after transfection to medium supplemented with CdCl # ; 12 h later the cells were harvested and the luciferase activity was determined in a multilabel counter (Wallac Victor# ; PerkinElmer Life Sciences, Norwalk, CT, U.S.A.).
EMSA
Cell nuclear extracts were prepared from control cells (24 mC) and cells were heat shocked (37 mC) for 1 h. The cells were immediately harvested and incubated for 15 min in hypotonic buffer [10 mM Hepes (pH 7.8)\10 mM KCl\0.1 mM EDTA\ 0.1 mM EGTA\1 mM dithiothreitol\0.5 mM PMSF] before the addition of 25 µl of 10% (v\v) Nonidet P40. After centrifugation for 30 s at 12 000 g, the nuclear pellet was resuspended in binding buffer [20 mM Hepes (pH 7.8)\400 mM KCl\20 % (v\v) glycerol\2 mM dithiothreitol] containing an anti-protease mixture (Boehringer Mannheim, Indianapolis, IN, U.S.A.), then frozen in liquid nitrogen, thawed on ice and centrifuged for 30 min at 12 000 g. The supernatant was stored at k70 mC and the protein concentration was determined by using a Bradford assay [32] with BSA as a standard. Double-stranded oligonucleotides were labelled by using the T4 polynucleotide kinase (Pharmacia, Piscataway, NJ, U.S.A.) with [γ-$#P]ATP.
Gel retardation analysis was performed with 2 µg of nuclear protein extract, 1 µg of poly(dI : dC) and 30000 c.p.m. of $#P-labelled DNA fragments, in 5 mM Hepes (pH 7.8)\100 mM KCl\5 % (v\v) glycerol. The resulting DNA-protein complexes were resolved by electrophoresis on a pre-run 5 % (w\v) native polyacrylamide gel, with 0.5iTris\borate\EDTA as running buffer. The gel was dried, exposed to an X-ray-sensitive Imaging screen-K (Bio-Rad, Hercules, CA, U.S.A.) and the image was analysed on a Personal Molecular Imager FX System (Bio-Rad).
Microinjection procedure
Fish care and embryo rearing were performed as described [33] . Eggs were collected and microinjected (300 pl, 50 ng\µl) at the one-cell stage, targeting to the cytoplasm\yolk boundary of the zygote. After microinjection the embryos were incubated at 28.5 mC in small tanks containing 500 ml of Holtfreter's solution to permit correct development. Heat shock treatment was performed on 1-day-old embryos at 37 mC for 1 h, followed by recovery for 2 h at 28.5 mC.
Fluorescence microscopy
The GFP-Luc fusion protein was revealed in the embryos by using an Olympus BX60 microscope equipped with a ColorView8 device camera and analySIS2 3.0 imaging software (Soft Imaging System, Mu$ nster, Germany).
RESULTS
Mutation of the tiHSP70 promoter
As a first approach to the identification of the sequences involved in the transcriptional regulation of the tiHSP70 promoter, transient expression studies were performed in carp EPC cells. Putative transcription-factor-binding sites had been identified previously [25] , as well as a sequence (Xbox) that is repeated three times in the tiHSP70 promoter and for which no putative binding factor could be defined (see Figure 1A) . Reporter constructs containing the GFP-Luc (GL) gene driven by either the entire regulatory region (tiHSP70-1.0GL) or successive 5h deletions therein were tested. The end points of the deletions were chosen such that each deleted an additional HSE, Xbox, GC box or other interesting feature (TTC or AAG ; see Figure  1A ). Heat shock for 1 h at 37 mC resulted in a 600-fold induction of the largest promoter construct tiHSP70-1.0GL, as expected ( Figure 1B) . Deletion of the HSE1 sequence (and an inverted CAAT box ; see below) did not affect the basal level activity but almost completely abolished the heat shock response of the tiHSP70 promoter. The 10-fold residual stimulation was further decreased (2-fold) on deletion of the GC box. Successive further deletions down to k182 did not affect basal level activity ; only a non-significant heat shock (2-3-fold) response was observed.
Figure 1 Deletion analysis of the tiHSP70 promoter by transient expression experiments
(A) Schematic representation of the tiHSP70 promoter. TiHSP70-1.0GL contains the complete isolated tiHSP70 control region (k851/j157), which was fused upstream from the ATG codon of the GFP-Luc (GL) reporter gene. The putative transcription-factor-binding sites are indicated and the end points of the 5h deletion mutants are shown. (B) Transient expression of tiHSP70 promoter 5h deletion constructs in carp cultured EPC cells. EPC cells transfected with one of the tiHSP70 reporter constructs and pGCV-LacZ (internal transfection control) were subjected or not to a heat shock for 60 min at 37 mC. The cells were left for 2 h at 28 mC for recovery, then harvested ; both lacZ and luciferase activities were determined. Luciferase activity was normalized to the control lacZ activity. Results are shown as fold inductions relative to nontreated cells (meanspS.D. for triplicate experiments performed at least twice).
Figure 2 Transient expression of site-specific mutant tiHSP70 promoter constructs in carp cultured EPC cells
The mutated sites are shown in (A) and indicated in the names of the constructs in (B). Results are shown as fold inductions after heat shock and treatment with 75 µM Cd 2 + relative to nontreated cells (meanspS.D. for quadruplicate experiments performed at least three times).
To assess more directly the role of each of the individual putative binding sites identified by computational analysis, point mutations were generated in the tiHSP70-1.0GL promoter construct for all of these sites (HSE1, HSE2, HSE3, Xbox1, Xbox2, Xbox3, two CAAT boxes and one GC box). Two additional repeat sequences (ASOC1 and ASOC2) were also mutated. All of these constructs were tested for their ability to respond to heat shock and to treatment with heavy-metal ions Cd# + . None of the mutations seemed to affect the basal level activity (results not shown). Mutation of the upstream CAAT box (pCAAT1MUTGL) did not affect the stimulation by heat ( Figure  2) . A single point mutation in HSE1 decreased the heat shock response by approx. 2-fold (from 376-fold to 187-fold) but significantly decreased the stimulation by Cd# + . Close inspection of the HSE1 sequence revealed the presence of several NGAAN sequences in this region. When two of these elements were mutated, in pHSE1MUT2GL, both responses were completely abolished. Mutations in any of the other sites hardly affected the response to either heat shock or heavy metal. In particular, no indication was observed for a possible contribution of the two
Figure 3 Heat shock response mediated by the distal HSE1 region
The tiHSP70 distal promoter fragment k851/k524 was fused upstream of the minimal tiHSP70 promoter or the heterologous TK promoter. The transcriptional activity was compared in treated and untreated cells with that of the corresponding constructs lacking this fragment. The activities of the complete tiHSP70 promoter (tiHSP70-1.0GL) and the promoter deleted of the distal HSE1 region (pDELXBOX1GL) are shown as controls.
more proximal HSE elements, HSE2 and HSE3, which would have been detected in the presence of an intact HSE1.
Taken together, these results indicate that the most proximal tiHSP70 promoter region (k182) is sufficient for its basal activity and that HSE1 is absolutely required for the heat shock response of the tiHSP70 promoter.
Independent distal heat shock response element
The predominant role of the distal HSE1 element as revealed by mutational analysis prompted us to study this element in more detail. When the region k851\k524, containing HSE1, was inserted upstream of the minimal tiHSP70 promoter, thereby deleting the central tiHSP70 promoter portion including HSE2 and HSE3, the heat shock response was similar (836-fold) to that of the complete promoter (547-fold ; Figure 3 ). In addition, insertion of the same region upstream of the heterologous herpes simplex TK promoter was sufficient to confer heat shock inducibility on the constitutive TK promoter (Figure 3) . These results indicate that the distal HSE1 element is able to mediate a transferable heat shock response.
Transient expression in zebrafish embryos
The transcriptional activities of the wild-type tiHSP70 promoter and its double mutant in HSE1 (pHSE1MUT2GL) were also compared in whole animals by microinjection into zebrafish eggs ( Figure 4C) . Injection of the wild-type promoter (tiHSP70-1.0GL) ( Figures 4A and 4B ) resulted in strong expression only after heat shock (0 of 43 positive individuals without heat shock, compared with 14 of 45 after heat shock). As described previously [25] , no preference for a specific tissue was observed. In contrast, when the pHSE1MUT2GL construct was injected, no signal was observed even when the embryos were submitted to heat shock (0 of 56 and 0 of 65 individuals with and without heat shock respectively). As expected, the positive control (pCMVsGFPLuc) directed constitutive expression (24 of 73 positives with heat treatment ; 31 of 68 positives without heat treatment) (results not shown).
EMSA
To examine specific heat-shock-induced DNA-binding activities in the tiHSP70 promoter, we performed EMSAs with nuclear extract from heat shocked or untreated EPC cells. We focused on Regulation of the tilapia heat shock protein 70 promoter
Figure 4 Transient expression of tilapia HSP70 promoter constructs in zebrafish embryos
(A-C) Zebrafish embryos were microinjected at the one-cell stage with the tiHSP70-1.0GL (two different positive individuals are shown ; A and B) and the mutated pHSE1MUT2GL (C) linearized constructs. Embryos 1 day old were submitted to a heat shock at 37 mC for 1 h and then left to recover for 2 h at 28.5 mC ; the fluorescence due to expression of the GFP-Luc fusion protein was analysed by microscopy. the HSE1, HSE2 and HSE3 sequences (oligonucleotides HSE1, HSE2 and HSE3) because they contain putative binding sites for the heat-shock-specific transcription factor HSF.
A slowly migrating DNA-protein complex (A) was formed on the HSE1 and the HSE3 probes in the heat-shock-treated extract ( Figure 5A, lanes 10 and 12) that was absent from the control extract (lanes 1 and 6) . The complex, representing a heat-shockinduced DNA-binding activity, was not observed when the HSE2 probe was used ( Figure 5A, lane 11 ). An additional fastermigrating complex (B) appeared only on HSE1 in nuclear extracts from both control and treated cells ( Figure 5A, lanes 1 and 11) , suggesting that its appearance corresponded to the binding of a constitutive factor. This complex was not observed on HSE2 or HSE3 ( Figure 5A, lanes 11 and 12) , indicating that its formation was specific for HSE1.
Competition experiments were performed with extracts from heat shocked and normal cells to determine the specificity of the A and B complexes. The disappearance of both complexes on HSE1 was observed on the addition of a 200-fold molar excess of unlabelled HSE1 oligonucleotide ( Figure 5A, lanes 2 and 13) and the single mutated HSE1MUT1 seemed to compete slightly for both complexes (lanes 3 and 14) , whereas no competition was observed with the doubly mutated HSE1MUT2 or the unrelated CAAT1 box (lanes 15 and 18) . Only complex A was displaced by an excess of unlabelled HSE3 but not by the HSE2 oligonucleotide ( Figure 5A, lanes 16 and 17) . The unrelated XBOX2 did not compete for the heat-shock-specific A complex formed on HSE1 but surprisingly it seemed to compete for the constitutive complex, B ( Figure 5A, lanes 4 and 18) .
Complex A formed on the HSE3 was competed for by HSE3, but not by the HSE3MUT or the XBOX2 oligonucleotides, indicating that the complex was specific.
When the XBOX2 probe was used, only very weak shifted bands were observed with both untreated and treated extracts ( Figure 5B, lanes 1 and 5) , none of which corresponded to complex B. These complexes were competed for by XBOX2, XBOX2MUT and HSE1 oligonucleotides, suggesting that they were non-specific.
In conclusion, a heat-shock-inducible complex, presumably the trimeric HSF, binds specifically to the HSE1 and HSE3 elements and an additional specific constitutive binding activity is observed on HSE1 that is weakly competed for by XBOX2.
DISCUSSION
We previously reported the cloning of the tiHSP70 promoter and showed that it is able to confer heat shock response on a reporter gene by transient expression both in cell culture and in microinjected zebrafish embryos [25] . Computer analysis of the regulatory region revealed no obvious similarities to other HSP70 promoters or 5h leader sequences. However, three putative HSEs were detected, as were several potential binding sites for ubiquitous transcription factors (TATA, CAAT and GCGGG boxes). Here we have analysed in detail the contribution of individual elements to the transcriptional activity of the tiHSP70 promoter and investigated the presence of transcription factors involved in heat shock response in carp EPC cells.
Basal level expression driven by the tiHSP70 promoter was not affected by any of the 5h deletion or point mutations tested here, suggesting that the most proximal promoter region, downstream of k182, is sufficient for expression. This region contains the TATA box at k38 [25] and a non-consensus CAAT box (tcaat), which probably explain the basal, low activity.
Several observations indicate that the distal HSE1 element centred on k800 is mainly responsible for the heat shock response of the tiHSP70 promoter : (1) deletion of the region k851\k806 resulted in a nearly complete loss of induction ; (2) the HSE1 element binds a specific, heat-shock-inducible factor in EMSA experiments ; (3) mutation of HSE1 at two positions (pHSE1MUT2GL) abolished induction by heat shock, whereas mutation of the distal CAAT box (CAAT1), also present in this region, had no effect ; and (4) the same mutation in HSE1 abolished the stimulation in microinjected zebrafish embryos. The single point mutation in pHSE1MUT1GL probably Identical bases in the HSE sequences are shadowed, the mutations in HSE1MUT2 are underlined, the GAA motifs are in bold and underlined, and the GAGA sequences are boxed.
decreases the binding affinity of HSE1, thereby affecting the weak stimulation by Cd# + and, to a smaller extent, the much stronger heat shock effect. Mutation of any of the other putative binding sites did not alter the stress stimulation, strongly suggesting that HSE1 alone is responsible for the effect. Accordingly, region k851\k524, containing only HSE1, was able to mediate induction by heat shock when fused upstream of the minimal tiHSP70 or the heterologous TK promoter. Taken together, these observations show that the other putative binding sites, most importantly the more proximal HSE2 and HSE3, are not involved in heat shock response. This is in striking contrast with other previously described HSP70 promoters, where the stimulation is mediated by the most proximal 150-200 bp region and functional HSEs are often located very close to the transcription start site [17, [34] [35] [36] .
DNA binding assays reveal that HSE1 is able to form two different, specific complexes with nuclear extracts from carp EPC cells. One complex, B, is observed with both treated and untreated cells, whereas the other, A, is obtained only after heat shock and probably contains the carp HSF. Consistent with the functional analysis was the failure to detect protein interaction detected with the HSE2 probe. However, HSE3 surprisingly gave rise to the same inducible complex as HSE1 and was able to compete for HSE1 complex A.
The fact that complex B is not formed with probe HSE3 and is not competed for by an excess of unlabelled HSE3 suggests that the exclusive functionality of HSE1 is caused by the formation of this constitutive complex. The lack of function of HSE3 despite the presence of an HSF could be due to the absence of this constitutive factor. Interestingly, the singly mutated HSE1MUT1 weakly competes for both complexes on HSE1, whereas XBOX2 competed, also weakly, for the constitutive B complex. This weak competition probably reflects a low affinity, as no similar complex is observed when XBOX2 is used as a probe. Constitutive binding to functional HSEs has been described before in extracts from Xenopus oocytes [37] and from rat (Rat-1) [38] and human (HeLa) cells [39] . The mammalian complex was shown to be identical with the Ku autoantigen, a DNA-dependent protein kinase involved in the repair of doublestrand breaks in DNA [40] and the protection of telomeres [41] . The HSF1 and Ku sites overlap [14] and both factors mutually compete for binding to a human HSE site. Ku binding decreases after heat shock, when HSF binding increases, and reappears after the recovery phase [14] . In carp EPC cells, no indication of a decreased formation of constitutive complex B or a binding competition with HSF was observed. In contrast, our results suggest that the formation of complex B is correlated with the functionality of HSE1.
When the sequences of the three putative HSE elements are compared, HSE1 seems to be characterized by the presence of three correctly spaced NGAAN motifs and one inverted, imperfect NTTCN motif. HSE3 contains three correctly spaced motifs, explaining the observed HSF binding, whereas HSE2 presents only two correct NGAAN sites ( Figure 6 ). No obvious sequence similarity was detected between XBOX2 and the HSE elements. Close inspection of the HSE1 sequence revealed the presence of two GAGA sequences that are absent from the other elements. The mutation in HSE1MUT2 eliminates one of these sites ( Figure 6 ). GAGA-box-binding factor (' GAF ') was previously shown to be involved in the heat shock response of HSP70 genes in Drosophila [42] and Xenopus [43] . This factor binds its specific sites constitutively and is therefore another candidate for the constitutive complex formed on HSE1. No definitive answer can yet be given about the identity of this factor. It remains to be determined whether this distal HSE1 element is a special feature of fish HSP70 genes.
In conclusion, we show that the distal HSE1 element is responsible for the stimulation of the tiHSP70 promoter by cellular stress in carp EPC cells and zebrafish embryos and that this stimulation is correlated with the binding of an inducible transcription factor, most probably the fish HSF, and a constitutive factor to this element.
